Abstract Sjögren syndrome is a chronic autoimmune disorder that involves exocrine glands and multiple organs. This disorder presumably affects 1.3 million patients in the USA. The pathobiology of Sjögren syndrome has been studied for at least three decades, and reported mechanisms involve the activation of the innate immune system and the development of autoimmunity. The precise mechanisms and sequence of events leading to salivary and ocular dysfunction are still unclear, and apparently multiple pathways and risk factors condition an individual to the disease. This manuscript provides an overview of the current knowledge of the pathobiology underlying Sjögren syndrome.
Introduction
Sjögren syndrome (SS) is a chronic debilitating autoimmune disorder that occurs with multi-organ involvement. Frequent clinical characteristics of SS are ocular and oral involvement, defined by sicca symptoms. Xerophthalmia and xerostomia accompany other symptoms of SS and may involve neurologic, pulmonary, and rheumatologic manifestations [1] [2] [3] 4 •]. Originally thought to affect only exocrine glands, SS is now known to have widespread effects, and its expression can overlap with other connective tissue and immune-mediated disorders.
Oral health providers are an integral part of the multidisciplinary approach to the diagnosis and management of SS [3, [5] [6] [7] . They contribute to the diagnosis of SS, the longterm management of salivary dysfunction/hypofunction, and the hard and soft tissue sequelae of SS [7] . An oral environment devoid of moisture poses a dramatic challenge to patients and providers alike, and long-term proactive management of dry mouth is recommended for patients suffering from SS.
Epidemiology
The prevalence of SS is elusive, in part due to the existence of multiple diagnostic and classification algorithms. The changing nature of these approaches makes estimation of epidemiologic figures very difficult. It seems that SS afflicts mostly women (9:1 female to male ratio) in the fourth to fifth decades of life [5] . In the USA, it is estimated that SS affects at least 1.3 million individuals, and that many more are symptomatic but undiagnosed [8] . Symptom prevalence figures in the USA report approximately 5 million individuals suffering from dry eye symptoms, and the prevalence of xerostomia has been calculated to be as high as 75 million [9] . European studies describe the prevalence of SS as being between 0.1 and 0.4 % of the population in areas of the UK and Greece [10] . Comorbid presence of autoimmune disease and relatives with autoimmune disorders are significant risk factors for development of SS.
Diagnosis
The diagnosis of SS has been the focus of extensive research, with two major classification strategies emerging in the last 12 years [11] . With the establishment of these consensus statements, there appears to be more consistency going forward regarding the diagnosis of this disorder [9, 11, 12] .
Classification schemes for SS have evolved from a combination of subjective and objective findings (serology and ocular staining being part of the later), to mostly objective strategies described in the recent American College of Rheumatology guidelines [11, 13] . This progression reflects a deeper understanding of the pathobiology underlying the development of SS, which has significantly advanced in the last two decades. In general, SS can be divided into primary or secondary, depending on the presence of co-morbid rheumatologic or autoimmune disease. Elucidation of the pathobiology of SS is important not only to guide treatment, but also to refine diagnostic algorithms for the disorder. The objective of this article is to offer a brief overview of the current understanding of the pathobiology of SS, with focus on salivary manifestations (Table 1) .
Salivary Manifestations
Immune changes in salivary glands were identified in the 1970s by Greenspan, Daniels, and others, and led to the current histologic classification regarding salivary gland involvement [12] . Lymphocytic infiltration of exocrine tissues is described as predominantly of T cell or B cell lineage. Studies have confirmed the stable nature of lymphocytic infiltration of tissues during the course of the disease, with the exception of patients who have prognostic factors for the development of lymphoma [12, 14•, 15 ••]. Glandular T cell infiltration leads to a persistent inflammation that results in the clinical characteristics of the disorder. Extensive histologic evaluation of minor salivary glands in SS reveals areas of ectopic germinal lymphatic centers, perhaps associated with the risk of developing lymphoma [10] . Inflammation plays a significant role in this local process at many levels, including secretion of autoantibodies and potent cytokines and interferon (IFN). The exact mechanism by which this infiltrate replaces salivary tissues is yet unknown. Salivary gland epithelium cells (SGECs) are capable of recruiting inflammatory mediators and virtually any immune cell, enhancing the process of inflammation and progressive apoptosis [12, 14•] . A complex interaction exists between SGECs and T cells, and this mechanism is amplified in SS patients' salivary tissues. In fact, SGECs are believed to play a crucial role in the development of anti-Ro and anti-La antibodies and potentiation of their immune response [14•] . Potential triggers for this response are not clear, and may include viral or other infections [16] .
Additional immune cells are also found in the inflammatory infiltrate and include macrophages, natural killer (NK) cells, and dendritic cells. Dysfunctional performance of dendritic cells is observed in salivary SS, and theories supporting this change are based on altered antigen-presenting and selftolerance mechanisms. [10] T helper (TH)1 responses are associated with mild lesions, whereas TH17 responses are linked to more advanced stages of the disease. Preliminary evidence exists on the role of retroviral infections causing SSlike symptoms in healthy and immune-suppressed patients. Retroviral activity has been detected in affected SS salivary gland tissue of patients who are infected with human immunodeficiency virus (HIV) and may develop SS clinical manifestations (i.e., parotid infiltration). These clinical changes are reversed with the use of antiretroviral therapy [16] .
Autoantibodies
Among several autoantibodies described in SS, anti-Ro(SSA), anti-La(SSB), ribonucleic proteins, anti-fodrin, anti-nuclear antibodies (ANA), rheumatoid factor, and anti-M3R (muscarinic acetylcholine receptors), are worth noting [17, 18] .
Subtypes of anti-Ro antibodies (anti-Ro52 and anti-Ro60) are significant due to their association to disease subtypes and progression. For instance, anti-Ro52 has 66.7 % specificity, while anti-Ro60 has 52.1 % specificity to SS. The presence of these markers is linked to longer disease duration prior to diagnosis, recurrent parotid gland enlargement, and severity of minor salivary gland infiltration [14•, 15 ••]. The appearance of rheumatoid factor is common, and has been reported to have a prevalence as high as 74 % (with a lower range of 36 %) and to be linked to a younger age at diagnosis and multi-organ involvement [13, 14•] . Additional autoantibodies such as anti-smooth muscle antibodies (ASMA), anti-smith antibodies (AMA), cryoglobulins, and anti-cyclic citrullinated antibodies (anti-CCP) are present in less than 20 % of patients [12, 19, 20] . Patterns of antibody presentation have important disease implications: cryoglobulins are indicators of severe disease and risk of lymphoma, anti-CCP, although infrequent, may indicate the presence of none-erosive arthritis, and anti- centromere antibodies are linked to overlapping phenotypes of SS and scleroderma [6, 19, 20] . These tests are readily available to the clinician for evaluation of a suspected SS patient.
Ocular Manifestations
Keratoconjunctivitis sicca, or dry eye, is a common complaint seen in SS patients and affects quality of life. Patients complain of "sandy" sensations in the eyes and itching. Several mechanisms have been proposed to describe the ocular involvement in this disorder. Among these, infection (viral), moebian gland dysfunction, and hormonal imbalance are noteworthy [8] .
Apoptosis plays a relevant role in the development of ocular complications. A major process associated with ocular (and salivary) involvement is the cleavage of alpha-fodrin, a protein involved in membrane composition and function. Its breakdown by caspase 3 produces fragments that may act as tissue-specific antigens. Antibodies against alpha-fodrin have been found in 64 % of patients with SS [1, 8, 21] .
Neuronal Effects
Exocrine glands are heavily innervated by parasympathetic and sympathetic fibers. Deficiency in tear and saliva secretion may be related to the effect of cytokines that interfere with neural transmission [2] . Antibodies against M3R have the effect of blocking neurogenic reception to acinar cells, either by causing internalization of the receptors or by causing progressive desensitization of these receptors. The constant receptor binding may cause significant reduction in the secretory capacity of glandular acini [8, 18] .
The Role of T Cells
The proposed immune-mediated mechanisms are initiated by delayed glandular genesis and increased apoptosis [13, 22••, 23] . These events may be followed by leukocyte migration with the recruitment of T and eventually B lymphocytes. One of these pathways may be the activation of dendritic cells and production of IFN-α by one of many mechanisms previously discussed. This causes sustained further apoptosis and necrosis of glandular tissue, and upregulation of major histocompatibility complex (MHC) class I and II molecules [23] . Prolonged immune activation is facilitated by IFN-γ, and interleukin (IL)-6, -10, and -15, leading to impairment of secretory function secondary to the development of an autoimmune response [22••] . In addition, M3R-activated T cells may induce early events leading to salivary sialadenitis. Activated T cells, via IFN-α and IL-17, prolong the inflammatory presence [24] . A close association exists with several B cell epitopes and the prevalence of 40-50 % of anti-M3R antibodies in serum of SS patients, making them potential candidates for further analysis and targeted treatment [14•, 17] . Of note, M3 receptors are ubiquitous of exocrine glands, particularly salivary, and are targeted by existent pharmacologic approaches to increase salivary flow [25] . Another change in the metabolic activity of T cells in SS is at the level of T cell receptors (TCR). Conformational changes in TCRs are responsible for T cell subtypes found in glandular and ocular tissues, and may be another option for future therapeutic options. This rather simplistic model still leaves many questions unanswered and does not necessarily imply a linear progression of SS. It has become more apparent that maturity of the disease is linked to an intense inflammatory response that is followed by an adaptive immune reaction [24] . T cell activity in SS can be broadly defined as occurring via TH1, TH2, and TH17 pathways. [22••, 26] . This movement is set in motion by the production of chemotactic factors or chemokines produced by T cells [27] .
TH17 Pathways
TH17 cells have recently been described. Their action is independent of both TH1 and TH2 pathways. These cells secrete IL-17 and IL-17f in response to stimulation by IL-6 and transforming growth factor (TGF)-β. The effect of the TH17 response is the intense prolongation of the inflammatory response and the further production of several interleukins, which maintain the TH17 activity. Potentiation of metalloproteinase (MMP) activity has a particularly effective role on these pathways, and MMPs are responsible for persistent tissue damage.
An important dysregulation of tumor necrosis factor (TNF)-α receptors has been reported in SS patient serum and salivary tissues. This mechanism controls inflammation and is fundamental in the genesis of B cell-activating factor (BAFF). Over-expression of BAFF is reported in SS patients and reflects the loss of self-tolerance and antibody production, described in patients who develop lymphoma [25, 26] .
The Role of B Cells
B cells have gained prominence for their role in the pathologic process of SS. B cells in the early stage of development (transitional B cells) were detected in salivary tissues of SS patients, supporting the early development of autoantigens in these tissues [28•, 29] . Further, the clonal expansion of B cell lineage argues against a minor role of B cells in the pathogenesis of SS. Although the actions described above by T cells assume a direct association between T cell activation and B cell activation, B cells are also responsible for promoting additional immune response via antibody-dependent andindependent mechanisms. [30] There is evidence that B cells may be responsible for the growth of germinal centers surrounding minor salivary gland histology. These cells may also act as antigen-presenting cells to T cells. Increased levels of BAFF reported in salivary gland tissue, serum, and saliva of SS patients provide additional support to this theory [29] .
Epigenetics
Epigenetics is defined as modified gene expression without a change of DNA sequence. Mechanisms of this type control organ development and sequence of genetic expression with environmental variations [31] . Described changes in SS include induced hypomethylation, human endogenous retroviruses, DNA demethylation, modification of histones, and deregulation of microRNA (miRNA).
Induced Hypomethylation
The evidence supporting hypomethylation changes derives from the use of medications to control hypertension in animal models, causing SS symptoms. An example among these drugs is hydralazine.
Human Endogenous Retroviruses
The human endogenous retroviruses are ubiquitous and usually are not pathogenic. Several studies have identified reactivity between SS antibodies and several retroviral antigens, thus posing the interesting question about the possible role of retroviral etiology in SS. Polymerase chain reaction assessment of minor salivary tissue of SS patients detected retroviral elements with the corresponding presence of autoantibodies towards them [31] . Therefore, the potential implication of these viruses in the pathogenesis of SS remains an important venue for future research. 
Conclusion
Major progress has been achieved in the past 30 years in the understanding of the pathobiology of SS. The initial description of inflammatory periductal infiltration in salivary glands opened the door for many questions (i.e., components of the infiltration, type of cellular responses, autoantibodies), some of which have been answered by murine, human, and in vitro studies. Clearly, secretory pathways in salivary glands and ocular glands are initially affected by an innate immune response that progressively transforms into a sustained adaptive immune (autoimmune) activity. The role of SGECs in this process is salient, as they interact with the immune system in the development and antigen presentation at local and possibly systemic levels. What remains to be discovered is the precise mechanism by which the initial immune response is set in motion, and which patient-related and environmental factors are early predictors of the disease (i.e., stress, hormonal, infections, environmental). Current understanding of SS encompasses multiple pathways and mechanisms that cover immune dysfunction, prolonged inflammatory-mediated tissue necrosis, loss of neurologic glandular control, and changes at the epigenetic levels, all sharing common themes. These commonalities are the apoptotic process in exocrine tissue, generation of self-antigens and loss of tolerance, and the preponderance of lymphocytic infiltration in the affected glands. To make matters more interesting, much of the current research has been performed in patients with primary SS, and less is known about the pathobiology and physiology of secondary SS.
The implications of these findings to the clinician highlight the timely identification of symptoms of SS and the ability to understand its clinical presentation. SS remains a vastly unrecognized disease, and oral health providers are major players in the aggressive management of the oral effects of SS. Fundamental questions that demand answers include the identification of predictive intrinsic (patient centered) and extrinsic factors for development of the disease, elucidation of key elements that trigger the innate immune response, and the limitation or delay of exocrine gland necrosis. These very ambitious questions set the stage for future research in SS that will lead to improvements in diagnosis and groundbreaking therapeutics.
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